Identifying easy to use and communicate extensive design metrics for aircraft noise could be of substantial benefit to the aircraft design community. 
The current means of communication often revolves around margin to the certification stringencies. These stringencies are hard to communicate and not directly related to external impact. A good design metric correlates well with the individual aircraft's effect on these broader measures.This paper proposes the use of Quota Count, which was devised as a means of limiting night-time exposure to single equivalent events at London area airports. It is directly related to the actual energy emitted by the an aircraft and the resulting time average values observed on the ground. It is straightforward to communicate and comprehend. It is based upon the certification noise values, and therefore, straightforward for a design engineer to model. This paper answers the question does Quota Count relate well with cumulative measures especially day-night noise level estimates of the area exposed to a given cumulative level? Given that Quota Count, and a simple cumulative Quota Count model correlate highly with these measures, it is reasonable to suggest that Quota Count be used as a primary noise metric for new designs. 
Nomenclature

I. Introduction
The development of a quick and relatively easy means of evaluating the value 1, 2 of future aircraft and aircraft system designs is predicated, among other things, on arriving at a series of relatively straightforward ways of trading between a range of metrics including environmental impact. The problem with this is that the current certification stringencies do not provide an easy to understand and easy to implement means of trading different impacts. This stems from the fact that it is often difficult to translate between an aircraft's emissions or noise and the overall environmental impact of the fleet. However, there is a significant body of work that is aimed at addressing single aircraft to fleet level impacts.
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Unfortunately, even with these linkages it will be necessary for the design engineer to meet the existing and future certification requirements. This presents a conundrum, are there commonly used engineering or marketing metrics that are both easy to communicate and map well with both single event and fleet level impacts?
The current means of reporting environmental performance of new aircraft concepts is typically the margin to the relevant ICAO/CAEP standard. This leaves significant room for confusion as these standards are purposely divorced from direct emissions and noise impacts, in the case of aircraft noise these limits are a function of maximum weight, and in some cases the number of engines. 8, 9 Beyond the certification metrics there exists a body both aircraft and fleet level metrics that potentially provide more insight into the design choices. This is especially true in the area of aircraft noise. An aircraft noise metric exists that is designed to map directly to local noise exposure, the Quota Count 10 (QC) system that governs airport operations at UK airports. The QC system is designed to provide a mean of estimating single operation effective noise impact, in this case A weighted Sound Exposure Level (SEL) and the area exposed to a specific SEL. This equivalent noise metric is commonly used to estimate disturbance 11 and awakenings. 12 Additionally, QC has an advantage over certification noise or margin to a certification limit in that is easier to communicate to the nontechnical public. The potential weakness with using QC as the primary metric is that there exists a range of other metrics, specifically the cumulative metrics, 11 of which Day-Night Noise Level (DNL) is one, that QC was not specifically designed to address. Ideally, it would be possible to find a relationship between QC and all current and potential future measures of noise impact. This includes both the common A weighted and more general broadband measures. However, since the current regulatory and impact guidance often focuses on both single event and cumulative equivalent noise this paper only investigates how well QC correlates with models that estimate the most commonly used cumulative noise measures. In doing this it is useful to look at what quick to evaluate noise measures are available to the engineer, as opposed to the more detailed and sophisticated analysis tools such as INM 13 and ANCON. 14 The most well documented and easiest to use of these is the Noise Energy Equivalent (NEE) method described by Dikshit and Crossley, 4 which is designed to map changes in aircraft technology levels to fleet level noise impacts.
Specifically, the area exposed to ≥ 65dB DNL noise. This paper investigates the applicability of using QC to represent single event metrics, the ability of QC and specifically a QC derived cumulative model to match the results obtained by the current cumulative analysis methods. The result of which would allow for a simple, straightforward additive model by which to compare the impact of different design options across a range of single event and cumulative noise impacts. Further, because QC is based the noise certification levels, it is well within the modelling and simulation capability of modern aircraft and engine design organizations. Further, the linkage between certification noise and design variables is dependent upon the specific organisations and their analysis tools. As such it is beyond the scope of this paper
II. The Quota Count System
The Quota Count (QC) system is recognized as a practical and straightforward means of classifying the noise impact of arriving and departing aircraft around an airport. It was first introduced in the 1990s based on a 1991 noise analysis of commercial aircraft operating at United Kingdom airports.
15, 16 The current QC classifications 17 have been developed to insure that the noise impact around an airport is correctly quantified for each individual aircraft operation. Two aspects are considered for the adverse effects of noise: the area of exposure and the number of people affected. The QC System derives from the official certificated noise levels. The reasons for this is that those are generally considered to be reliable indicators of aircraft noise performance, they are available for vast majority of civil transport aircraft operating in the Western world, and are openly published. The Quota Count uses the standard certification noise levels, 17 and derives the QC classification from a combination of three reference points: the approach, under the descent path 2000m before landing threshold; the lateral or sideline, at the point where noise is greatest on a line 450m to the side of the initial climb after lift-off; and the flyover, under the departure climb path, 6500m from Start-of-Roll. Those reference points can be seen on Figure 1 . The QC Classification goes from 0.25 to 16, with a few aircraft below the 0.25 level considered exempt, and are related to ranges of EPNL values either for departure or for arrivals. The values of EPNL for departures and for arrivals are calculated differently. Departure values are equal to the average of the lateral EPNL and the flyover EPNL while arrival ones are based on the approach EP N L AP − 9. It is necessary to reduce the EPNL value found for the approach reference point by 9dB because the noise from a departing aircraft travels between three and five times as far as the one from an arriving aircraft before reaching the reference points. This means that to correlate well with the 90dB SEL contour area the approach certification level had to be reduced accordingly. The resulting method and metric meets these requirements and gives a quick measure of "Noise Area" impacted by noise for any airports from only a few inputs. The resulting model closely approximats the Day-Night Level 4 (DNL), which is the standard noise metric used at airports to account for the maximum acceptable noise exposure for the people living within the area. More precisely, it is the 65dB DNL limit that is utilized when monitoring the noise areas around an airport. The Integrated Noise Model 13 (INM) is recommended by the Federal Aviation Administration to compute DNL contours. The results obtained by using the model correlated with INM values which demonstrates the utility and accuracy of the model. Because of the logarithmic nature of EPNL the authors used NEE instead of EPNL values for their calculations. The NEE value, which is related to EPNL can be calculated using Equation (3):
III. Noise Energy Equivalent Model
In order to simplify their fleet level analysis Dikshit and Crossley modelled a generic fleet 4 of aircraft with characteristics that could represent the entire American fleet. The decision was made to differentiate classes of passenger aircraft based on their seating capacity since their noise energy is highly correlated with aircraft size. Furthermore, for each class of passenger aircraft, a "Representative" and a "Best-in-Class" aircraft were selected. Dikshit and Crossley select the aircraft with the largest number of operations in each seat class, in 2005, to populate the "Representative" aircraft table. Further, the "best-in-class" aircraft were those with the most recent Entry-in-Service (EIS) date. The same rules were applied to classify cargo aircraft. In addition, three airport configurations were taken into account. Using these aircraft to represent operations at an airport the cumulative noise exposure area is estimated using linear summation, shown in Equation (4): IV. Relationship Between QC, Single Event and Cumulative
Metrics
The Quota Count scheme was designed to allow for a quick approximation between the flight of a single aircraft out of one of the three main London area airports and the resulting area exposed to a single even sound exposure level (SEL) above 90dB. [15] [16] [17] [18] This was used to set noise impact limits, night time operations restrictions, and ultimately, charges/fees for noise exposures. 10, [17] [18] [19] As part of the decision that created and enforced the Quota Count systems it was agreed that the relationship between QC and both the 90dB SEL contour and actual single event noise exposure would be periodically reevaluated. 10, 19 During this reevaluation it was determined that the relationship between QC and the actual noise exposure held up well for the more modern fleet. 10, 17, 19 However, it was also determined that the QC levels tended to slightly underpredict the actual noise levels at the monitoring stations around the airport. These underpredictions were fairly consistent across aircraft types. Consequently White et al. 19 and the Department of Transport 17 both consider that Quota Count continues to provide a good estimator of actual noise exposure for the entire range of transport aircraft. Sound Exposure Level is a single event metric, and while SEL is commonly used to measure certain noise impacts, time averaged cumulative impacts are also important. As such any recommendation to use QC as an intermediary, extensive design metric need to explore the relationship between QC and commonly used cumulative metrics, both at an aircraft level and at the fleet level.
IV.A. QC, SEL and Cumulative Metrics
Cumulative noise metrics are often used as a surrogate for many adverse noise impacts and ultimately for land use planning around airports. Consequently, if QC is going to be recommended as the intermediate noise design metric it needs to correlate well with not just single event metrics such as SEL but also with the cumulative metrics. There is a simple mathematical relationship between single event and generic cumulative measures, shown in
where:
In the case of L DN the following constants are used:
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• L E = L AE , A weighted SEL value
• T 0 = 86, 400 sec
• g i = 1 for daytime and g i = 10 for nighttime
Replacing g i with Equation (7), allows a simpler formulation where SEL levels are modified directly, this is shown in Equation (8).
L eq,W = 10 log
In the case of DNL the quantity
equates to a reduction in approximately 49.37dB from the purely cumulative SEL values, as represented in Equation (9):
10 (LE,i+∆i)/10 − 49.37
with ∆ i = 0 for day operations and ∆ i = 10 for night operations. For a given mix of aircraft, where the ratio between each type remains constant and only the number of operations changes, Equation (9) can be replaced by (10):
whereL E is the operations-energy average SEL value. Consequently, if the average SEL (L E ) decreases by a given amount then the DNL will also decrease by a commensurate amount, and the DNL will increase with ten times the log of the number of operations, i.e. a doubling of operations will increase the L DN value at a given point by 3.01dB. Since QC relates well to the A weighted SEL 10, 17, 19 relationship and is inherently related to actual intensity and not the logarithmic relationship is is reasonable to expect to see a good correlation between a weighted sum of QC values and the cumulative measures. Additionally, if cumulative QC formulation correlates well with other proposed means of determining the area exposed to cumulative noise metrics that the case for using QC as the intermediary design metric could be considered well supported.
IV.B. Correlation Between Cumulative QC and Noise Area Metrics
The mathematical relationship between single event average noise, SEL, and cumulative average noise, e.g. DNL, provide the first step for determining the effect of a single aircraft on the area exposed to a to a given level of cumulative noise. However, while this relationship seems simple and straightforward, there is the added effect of airport specific routing of aircraft. That is different arrivals and departures will fly different routes into and out of airports. This means that it is not immediately obvious how well a simple weighted summation of QC will correlate with exposure to cumulative noise. Dikshit and Crossley 4 investigated the correlation between a cumulative metric based upon NEE and the area of the L DN = 65dB noise contour, i.e. the area around an airport that is exposed to noise levels equivalent to or greater than 65dBA over a 24 hour period. They found that, in general, it was possible to provide a first order estimate of noise impact using a model, represented in Equation (4), based upon the EPNL certification levels of each aircraft. A similar body of work focusing on the relationship between the QC values and the SEL and UK L eq was performed by the UK CAA as part of the Quota Count review procedure.
10, 17, 19
In order to determine if a simple QC based metric could be used to determine variation in L DN = 65dB contour area two methods of comparison were undertaken. First, the same D-Optimal design used by Dikshit and Crossley, and given in Tables 5 and 6 , was used using the QC values for the both the representative and 'best-in-class' aircraft. Note: "%BIC" is 1  2  2  1  2  1  2  1  3  1  3  1  3  2  1  1  1  3  4  3  3  1  1  2  5  1  1  3  2  2  6  1  2  2  1  1  7  2  1  2  3  2  8  3  2  3  3  3  9  2  3  2  2  3  10  3  1  2  2  1 percent best in class. Furthermore, to investigate the effect that the cargo and passenger operations have on the resulting response and correlation between the two models two additional treatments were devised. These two treatments kept the same basic formulation, but removed either the passenger or cargo operations respectively. This produced a set of 30 different experiments ranging from 80 to 728 operations per day. The EPNL, NEE and QC values for the representative aircraft that are inputs to these experiments are given in Table 7 .
In the first instance the resulting contour area using Equation (4) and the regression coefficients presented in Table 2 were compared to a simple day and night weighted accumulation of QC values of all flights operating out of an airport, using Equation (11). The weightings coefficients (P a , Q a , R a , S a ) in Equation (11) are similar to those used in Equation (4). For simple QC cum,DN L calculations P a and R a are set to one and Q a and S a are set to 10 to represent the day and night weightings in DNL. The resulting responses showed a generally reasonable, but not perfect correlation between the Area N EE and the QC based response, as show in Table 8 and Figure 2 . The 92% correlation between the two responses indicates that the two models should trend very similarly over small ranges, such as those that would be used when performing design trades for a new aircraft system. However, it is potentially useful to attempt to isolate what the cause of the lack of complete correlation might be. This is assisted by looking at the differnt blocks in Figure 2 , which isolate the passenger and cargo operations. The result is that some of the operations groups correlate better than others, passenger better than cargo. The first place to look is at the weighting factors, while the DNL weightings are the easiest to use better correlation may be achieved by using the NEE regression coefficents
In order to investigates this the same 30 experiments we rerun, however, the QC accumulation model weightings were replaced by the regression coefficients suggested by Dikshit and Crossley, and given in Table 2 . 4 The results of this gives a much higher correlation, as shown in Table 9 and Figure 3 . The result is not at all surprising since the addition of the class specific weightings into Equation (11) produces the same formulation as Equation (4). The slight lack of correlation between the responses of Area NEE and QC cont and simpler QC based response is a function of the discrete nature the the QC system. In fact, this limitation of the current QC system was identified by the UK Department for Transport 17 in 2004. This improved correlation, shows that the simple, day-night weight accumulation of QC values, which performs well overall, does cannot account for all of the variability between aircraft. The issue is that the regression coefficients presented by Dikshit and Crossley are specific to the aircraft types included in the study, reducing their flexibility. The correlations presented in Table 8 are sufficiently high to suggest that the use of simple weighting provides accurate enough results for the increased flexibility and ease of use. Even though the purpose of the comparison was to determine whether or not QC could reasonably be used to estimate potential changes in cummulative metrics. Because of the result of the simple correlation between the two responses, it is possible to perform a simple transformation of the cumulative QC metric to the contour area estimation provided by the NEE method. This type of transformation represented in Equation (12) . 
V. Design Implications
While it is one thing to use a simplified area based model for long range environmental benefit projections, such as proposed by Dikshit and Crossley 4 and Zhao, et al., 5 it is another thing to use it as a direct design tool. Historically, aircraft and engine manufacturers have relied on the current and potential future certification limitations contained in Annex 16 of the ICAO convention. 9 This is the now ubiquitous Chapter/Stage 2, 3, 4 scheme. Indeed, a new airplane that does not at least meet the current noise stringency (preferably with a margin) cannot be certified. Further, in most of the world, the US being the primary exception, airports vary their landing fees based upon the aircraft's margin to the current noise regulations. This is one of the reasons that European airlines tended to replace their Chapter/Stage 2 aircraft with new aircraft as the 'phaseout' deadline approach. Conversely US airlines used a cheaper, shorter-term solution of hush kitting and re-certifying their aircraft to just meet the Chapter/Stage 3 regulations. The issue with the certification requirements is that the limit is based upon the certified maximum take-off weight of the aircraft, as show in in Equations (13), (14), and (15). 9 As such, heavier aircraft are allowed to 'make more
EP N L lim,AP = 86.03 + 7.75 × log (M T OW/1000kg)
Unfortunately, this has the side effect of partially divorcing the design limitations and goals from the actual benefit that is trying to be achieved, i.e. reducing the actual exposure of people living near and airport to unwanted noise. This was the primary reason for introducing the Quota Count system, first at London area airports, and more recently at a broader spectrum of airports.
17 The QC system was originally designed to translate into temporal and seasonal limitations in operations that could be assigned to each operator. Further, in many cases the current charging schema at these airports have made use of the QC values for each aircraft to assess noise surcharges. London's Heathrow, Gatwick, and Stansted airports base their landing fees for Chapter 3 certified aircraft on their QC levels, 24-26 while Manchester Airport 27 bases at least some of their landing fees, passenger facility charges, and air traffic service fees on the aircraft's QC level. As Girvin 18 has indicated many airframe and engine manufacturers have started to use QC as at least a supplemental if not primary aircraft noise design metric a . However, while it is straightforward to use either the QC or a continuous equivalent of QC to evaluate an aircraft's absolute noise performance, it is somewhat less so if one is trying to compare two significantly different aircraft or trade noise with one of many other metrics. Regardless of the next level of metric, any improvement in the noise level of aircraft should reduce the number of people exposed to harmful or annoying noise. While there is dispute over what the relationship is between noise and human health along with dispute over what are the most appropriate measures of noise, 28 the most common measures are those of the A-weighted equivalent, time-average variety, e.g. L eq /LA eq or L DN , and the number of people exposed to specific values of these measures. The issue with using people exposed to a given level of L eq or L DN is that the relationship between the area contained within a specific contour and the populaiton exposed tends to be highly non-linear. 4 It is for this reason that Dikshit and Crossley focus on reducing the area within and not the population exposed to L DN = 65dBA. Consequently several organizations are developing sophisticated models to calculate the population exposure and ultimately actual damage.
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Again this issue is one that is more prominent when looking at long-term technology trends and not specific aircraft designs. If the primary goal is to compare the noise performance of two designs then it is actually the difference in the noise exposure, either in terms of contour area or number of people exposed that is of the most interest. As demonstrated by Dikshit and Crossley, there is a reasonable correlation between the NEE metric and the area contained withing the 65dB DNL contour, 4 and the QC level matches well with the relative size of the 90dB SEL contour. 10, 17 This work has shown that a reasonable correlation exists between cumulative QC levels and the resulting NEE estimate 65dB contour area. However, the only way to match the NEE area estimation values with INM determined contour area was to implement a series of day and night coefficients, shown in Table 2 , that varied between aircraft class and operation type, which is not conducive to a simple design metric. It would be much more convenient to use the standard operations weighting coefficients for the appropriate L eq value. Since the idea is to use a single set of aircraft related values as a extensive metric, the use of several different QC cum values is still not ideal. There is, however, the benefit that design choices typically compare two slightly different designs. Further, as the design progresses the absolute difference between two design options will decrease. This means that instead of investigating absolute correlation with area, and ultimately population exposed, we only need to compare the difference in the area or change in area. The benefit of this is that while the correlation may fall down using different weighting metrics, especially for a broad range of aircraft types and operations, it should be much better when comparing the deltas.
As a test, the correlation between the absolute and percent different in Area NEE and QC Cum for an new aircraft design in classes 3 and 4 was investigated. This simple test case was chosen as these two classes made up the largest portion of the operations in Dikshit and Crossley's analysis, 4 and they are represented by two different families of aircraft, Boeing's 737 and Airbus's A320 families. Furthermore, this class of aircraft is commonly thought to be the next major new aircraft development program. This study was performed using the same design of experiments given in Tables 5 and 6 , using the same three treatments shown in the previous section. The only significant changes were that instead of the representative aircraft forming the baseline, all operations used only the quietest aircraft listed in Table 7 for each class and the prior best-in-class aircraft in classes 3 and 4 were replaced by a new, notional aircraft. The primary reason for using only the quietest aircraft is that some of the other classes of aircraft are extremely loud, one only has to look at the QC values for the Boeing 727-200 and 747-400F, and tend to swamp the benefits achieved through the use of quieter aircraft. The notional replacement aircraft in seat classes 3 and 4 were assumed to have cumulative EPNL values 20dB quieter than the current aircraft, the Boeing 737-700 and 737-800. The individual certification points were apportioned as 8 dB each for takeoff/flyover and sideline and 4 dB for approach. This corresponds to the relative difficulty of reducing approach noise signatures. The resulting pseudo-certification/NEE values and the corresponding QC values are given in Table 10 . One issue that arises from the reduced noise is that both of the notional aircraft have at least one QC value that fall below the minimum measured response of 84 dB. This means they will produce no net effect on the metrics that use the raw QC as a response, potentially overstating their benefit. The resulting calculations were done using the weightings in Table 2 for the NEE based area calculations and the simple day night weighting for the cumulative QC response. The resulting correlation between the percent difference in the cumulative metrics is given in Table 11 . The correlation remains reasonable for large differences in the noise level between the two aircraft. In the case where the QC values of the notional aircraft go to zero, the results with the QC cum mark over predict the reduction in impact, especially for the cases that have a high percentage of seat class 3 and seat class 4 operations. This is still present in the case where QC Cont,Cum is used instead, but the effect is much smaller. This is shown in Figure 4 . Note: the highlighted points, triangles, are cases where the operations of the (a) QC cum (b) QC Cont,Cum It should be noted that this is an estimate of the total difference between an existing system and that of a new system. As mentioned above in most cases design choices involve significantly smaller differences, and the correlations and applicability should be correspondingly better.
While the correlations shown in Table 11 and Figure 4 applied to the relationship between two different metrics with two differing weighting schema that ultimately relate to the area exposed to greater than L DN = 65dB, it is reasonable to apply them to other metrics, such as the UK's L eq or the less common L DEN as the weightings are relatively well known and difference time constants result in a simple displacement from the origin, as shown in Equations (8), (9), and (10). This indicates that while QC is a relatively straightforward and easy measure to communicate the noise performance of an aircraft there are issues with the current exemption level, i.e. below QC = 0.25 and the noncontinuous nature of the QC system. As such it has been recommended, 17 and is the authors' opinion, that a continuous form of QC be used as the measure for computing noise performance. This can be converted into a standard QC value for outside reporting if desired. A simple formulation of this continuous value for the current QC scale is represented in Equation (16) . 
(16)
The final issue is the use of QC in general and changes in an aircraft's QC response as a measure of noise performance is the relationship between the QC value and the actual number of people exposed to annoying or harmful levels of noise. As mentioned before the non-linear relationship between contour area and exposure are well understood and several groups are investigating how to simplify this process. However, when dealing with a choice between two design choices the differences in QC or QC cont are quite small, generally much smaller than the 20dB used in the above example. Consequently, the resulting change in contour area will be correspondingly smaller. As such it is relatively reasonable to assume the change population exposure, across many airports, should be relatively small and nearly linear. This assumption may not hold and it is imperative that future research into the effect of noise exposure be followed closely.
VI. Conclusions
The increased focus on aircraft environmental effects has lead to the development of simplified measures for estimating the direct impact of a single aircraft operation on the local and global environment. One aspect of this was the development of the QC system in the United Kingdom. Because the QC system works on the absolute and not weight adjusted certification noise values, as compared to the certification standard, it is a better measure of the actual impact. Prior work relating QC to single even metrics and straightforward fleet models based upon certification noise values plus the strong correlation between the simple additive QC and NEE models indicate that the QC is a very good surrogate for the actual, predicted impact of a single aircraft or aircraft in a fleet. As such it provides a reasonably good ext ensive metric that can be used when comparing different aircraft design alternatives and their broader noise impact. It is accessible to the design engineer using the current design noise analysis tools and relatively easy to communicate with the outside community. An aircraft with a QC value of 1 has one-half the single event and cumulative impact of an aircraft with a QC value of 2. This is something that is intelligible and accessible to both the design and analysis engineers and the broader public. Using QC as a design metric in place of all of the other noise measures, therefore, provides a single, accessible measure to both engineering decision makers and outside stakeholders.
